Maintaining stable intracellular pH (pHi) is essential for homeostasis, and requires the ability to both sense pH changes that may result from internal and external sources, and to regulate downstream compensatory pH pathways. Here we identified the cAMP-producing enzyme soluble adenylyl cyclase (sAC) as the first molecular pH sensor in corals. sAC protein was detected throughout coral tissues, including those involved in symbiosis and calcification. Application of a sAC-specific inhibitor caused significant and reversible pHi acidosis in isolated coral cells under both dark and light conditions, indicating sAC is essential for sensing and regulating pHi perturbations caused by respiration and photosynthesis. Furthermore, pHi regulation during external acidification was also dependent on sAC activity. Thus, sAC is a sensor and regulator of pH disturbances from both metabolic and external origin in corals.
Introduction
Regulation of intracellular pH (pHi) is critical for the physiological function of all cells and involves a combination of passive (i.e. buffering by proteins, phosphates and CO 2 =HCO À 3 ) and active (i.e. transport of acid/base equivalents energized by ATPases) compensatory mechanisms. Reef-building corals regularly experience pH stress as a result of their own respiration, calcification and photosynthesis, as well as from external sources including the metabolism of reef-associated organisms, tides, water flow, upwelling, and ocean acidification (reviewed in [1] ). These diverse pH stressors take place over a wide temporal scale ranging from seconds (e.g. rapid metabolic processes), to hours (e.g. diel photosynthesis and calcification), to months (e.g. seasonal temperature and light variability, upwelling), to years (e.g. ocean acidification). In order to regulate pHi in response to these dynamic disturbances, corals must be able to first sense changes in pH, and to then initiate the appropriate compensatory pathways. The mechanisms of pH sensing in corals have yet to be described, yet they are fundamental for understanding basic coral biology and the capacity of corals to adapt to long-term shifts in seawater pH driven by climate change.
Corals have two tissue layers, the ectodermis and gastrodermis, which fold over each other to form the gastrovascular cavity, also known as the coelenteron (figure 1). There is large carbon chemistry and pH variability among extra-and intracellular coral compartments [1, 7] . The oral ectodermis is in contact with seawater, which has typical pH values of between 7.9 and 8.3 [3, 8] . The coral's symbiotic dinoflagellate algae (Symbiodinium) reside inside the symbiosome of gastrodermal cells, which is around pH 4 [9] . In contrast, the calcifying cells in the calicoblastic epithelium lay on top of alkaline extracellular pockets of fluid, called the sub-calicoblastic medium (SCM), for which pH values of between 8.2 & 2017 The Author(s) Published by the Royal Society. All rights reserved. and 10 have been reported [4] [5] [6] 8] . The coelenteron has its own distinctive pH as well, with values of between 6.6 and 8.5 [3, 4, 8] . While some of the reported pH variability in these coral microenvironments is likely explained by methodological and species-specific differences, an additional internal source of both temporal and spatial pH variability is Symbiodinium photosynthesis. Photosynthesis induces cytosol alkalinization of Symbiodinium-hosting cells by approximately 0.4 pH units [10] [11] [12] , while gastrodermal cells lacking Symbiodinium remain at a constant pH across light and dark conditions [11, 12] . Meanwhile, the pH of the adjacent coelenteron increases by approximately 0.7 pH units in the light [3, 8] , presumably due to photosynthesis-driven consumption of CO 2 . However, there is a sharp drop in pH of the coelenteron immediately above the aboral gastrodermis [4] , likely due to removal of H þ from the SCM as a result of calcification. Photosynthesis also induces alkalinization of the SCM, which increases by 0.3-1.0 pH units from dark to light [5, 8] . However, the pHi of calicoblastic cells themselves remains stable [5] . The ability of cells to maintain acid/base homeostasis in the face of these dynamic pH processes requires sensory mechanisms to rapidly detect these changes and initiate homeostatic responses. The recently discovered enzyme soluble adenylyl cyclase (sAC) is directly stimulated by bicarbonate ions ðHCO À 3 Þ to produce the secondary messenger molecule cyclic AMP (cAMP) [13] [14] [15] . Furthermore, due to the rapid and reversible hydration of CO 2 into H þ and HCO À 3 in the presence of carbonic anhydrases (CA), sAC can act not only as a HCO À 3 sensor, but also as a sensor of pH and pCO 2 (reviewed in [15, 16] ). Because cAMP can modulate the activity of target proteins through post-translational modifications mediated by protein kinase A (PKA), exchange protein activated by cAMP (EPAC), and cyclic nucleotide gated channels [15, 16] , sAC has the potential to mediate multiple homeostatic responses in response to acid-base stress. The high conservation of sAC across domains of life suggests that its function as an acid/ base sensor is evolutionarily conserved [17, 18] . We have previously identified sAC orthologues in genomic databases from the corals Acropora digitifera and Pocillopora damicornis, and reported HCO À 3 -stimulated cAMP production in A. yongei and P. damicornis tissue homogenates (half-maximal activity or EC 50 of approximately 10 mM HCO À 3 ) that was inhibited by the sAC-specific inhibitor KH7, which are hallmarks of sAC activity [19] . In this study, we cloned several sAC cDNA sequences, characterized sAC protein expression in coral tissues, and examined its role in sensing and counteracting pHi fluctuations derived from both internal and external sources in live coral cells. Our results indicate sAC is a crucial pH sensor and homeostatic regulator in corals, a novel basic mechanism that contributes to our understanding of coral responses to metabolic and environmental acid-base stress.
Material and methods (a) Coral culture
Colonies of P. damicornis at the Hawaii Institute of Marine Biology were maintained in flow through seawater at ambient temperature (24.3 + 0.88C) with partially shaded ambient light (approx. 50%). P. damicornis colonies at the Scripps Institution of Oceanography were maintained in flow through seawater (heated to 258C) with a 12 : 12 h light:dark cycle (approx. 200 mmol photons m 22 s
21
).
(b) RT-PCR
To prepare cDNA for RT-PCR, an approximately 2 cm coral fragment was flash frozen in liquid nitrogen and crushed using a chilled mortar and pestle into a fine powder. The powder was homogenized in TRIzol Reagent (Invitrogen, Carlsbad, CA, USA), and total RNA was extracted following the manufacturer's suggested protocol with a few modifications, including an overnight precipitation of the RNA at 2808C and an additional wash step performed with 75% ethanol. Total RNA was heated at 378C for 2 h and run on an agarose gel to assess RNA quality. Total RNA was cleaned and concentrated using an RNEasy Plus Mini kit (Qiagen, Hilden, Germany The primer sets and conditions used in the first and second (nested) rounds of RT-PCR and RACE PCR are indicated in electronic supplementary material, tables S1 and S2. All cloned PCR products were sequenced by Retrogen, Inc. (San Diego, CA, USA) using a combination of custom, internal primers and the vector primers M13(-20)F and M13R. Phylogenetic analysis was performed using the software package Phylogent.fr with 500 bootstraps (http://www.phylogeny.fr/) [20] ; protein domain analyses was performed using PROSITE (http://prosite.expasy. org/) [21] and InterPro (http://www.ebi.ac.uk/interpro/) [22] .
(d) Antibodies
Custom rabbit polyclonal antibodies were developed using a peptide antigen and were affinity purified (GenScript USA, Inc.). The peptide antigen sequence, LPGDKHEDDPARAL, was selected from a region of the catalytic domain of the predicted sAC protein sequence from the A digitifera genome [23] . Specificity of the antibodies for P. damicornis sAC was tested by Western blotting on recombinant protein and coral tissue homogenates, and by immunohistochemistry (IHC) on coral histological sections.
The cDNA encoding for the first 499 amino acids of pdsAC FL1 , which include the catalytic domains, was cloned and recombinantly expressed in E. coli. Western blots indicated that recombinant pdsAC was specifically recognized by our anti-coral sAC antibodies (figure 2b and electronic supplementary material, figure S2 ). Controls using pre-immune serum and antibodies pre-incubated with excess antigen peptide showed no signal, indicating that the anti-coral sAC antibodies specifically recognize recombinant pdsAC (electronic supplementary material, figure S2 ).
(e) Protein expression and localization P. damicornis tissue was homogenized in S22 buffer supplemented with a protease inhibitor mixture (Sigma-Aldrich, St Louis, MO, USA) and phosphatase inhibitor (PhosStop, Roche Applied Biosciences, Indianapolis, IN, USA) as previously described [9] . Protein concentration was determined using the Bradford method with a BSA standard. Western blots were carried out as described in [24] , using 5.5 ng ml 21 of the anti-sAC antibodies (1 : 10 000 from stock). Corals were prepared for IHC as in [25] and pdsAC was immunolabelled using 0.11 mg ml 21 anti-sAC antibodies (1 : 500 from stock). The specificity of antipdsAC antibodies for immunohistochemistry is shown in electronic supplementary material, figure S3.
(f ) Coral cell preparation
Coral cells were isolated from colonies of P. damicornis as previously described [12] . Isolated cell suspensions were loaded with 10 mM SNARF-1AM and 0.1% DMSO in 0.22 mm filtered seawater (FSW) for 30 min in the dark [12] . Cells were pelleted by centrifugation to remove the dye and resuspended in the corresponding treatment; cells were incubated with the treatment for 15 min prior to imaging. All treatments were prepared immediately before use and consisted of FSW supplemented with either 50 mM KH7, 0.5% DMSO (control), 100 mM DCMU, or 50 mM KH7 and 100 mM DCMU. For external pH (pHe) experiments, FSW (pH 8.1) was adjusted to pH 7.4 using HCL immediately before use, and supplemented with either 50 mM KH7 or 0.5% DMSO. In the KH7 washout experiment, cells were treated with 50 mM KH7 for 15 min and imaged, after which the KH7-containing medium was gently removed with a pipette and replaced with 0.5% DMSO in FSW. During light treatments, cells were continuously exposed to 400 mmol photons m 22 s 21 of white light. Light intensity was determined using a Licor LI-1400. These are the same light conditions previously used for isolated P. damicornis cells from this same location [10] . Each experiment was conducted on cells isolated from at least five different coral fragments (45-65 total cells analysed per time point per treatment).
(g) Confocal imaging
Coral cells were visualized by confocal microscopy using a Zeiss LSM 710 confocal microscope. Cells were maintained at 258C using a temperature-controlled stage throughout the experiments. SNARF1 was excited using a 561 nm laser at 10% power, and fluorescence emission of SNARF1 was recorded at 585 (l1) and 640 (l2) + 10 nm, and chlorophyll at 680 + 10 nm. These excitation and emission wavelengths were optimized to maximize SNARF excitation while minimizing excitation and emission overlap with endogenous chlorophyll (Symbiodinium) and green fluorescence protein (P. damicornis; electronic supplementary material, figure S8 ). At least eight coral cells containing Symbiodinium and eight cells without Symbiodinium were imaged for each treatment at each time point. The selected Symbiodinium-free cells were typically spherical with approximately 10 mm diameter, so most likely they were gastrodermal and oral ectodermal cells as calcifying cells are much smaller (see a representative image of coral cells with and without Symbiodinium in electronic supplementary material, figure S4 ).
The relationship between the ratio (R) of SNARF1 fluorescence at 585 and 640 nm and pHi was calibrated in vivo from pH 6-8.5 (electronic supplementary material, figure S9) as previously described [12] . Calibrations were conducted approximately weekly under light or dark conditions according to the subsequent experiment.
Image analysis was conducted on a region of interest (ROI) drawn in an area of the cytoplasm of each coral cell that did not overlap with Symbiodinium chlorophyll fluorescence. SNARF1 fluorescence intensity (F) within the ROI was recorded at 585 nm (l1) and 640 nm (l2). An ROI was also drawn in the surrounding medium, and background fluorescence was subtracted from each channel before calculating R (F l1 /F l1 ). The equation pH ¼ pK A 2 log [R 2 R B /R A 2 R Â F B(l2) /F A(l2) ] was used to calculate pHi from R, where B denotes the basic endpoint (pH 8.5) and A denotes the acidic endpoint (pH 6) of the calibration [12] .
Results and discussion
(a) High complexity of the P. damicornis sAC gene(s)
Using RT-PCR and RACE-PCR, we cloned two complete sAC cDNA sequences (accession numbers KX910691 and KY853034) (electronic supplementary material, figure S1 ). KX910691 contains the longest open reading frame (ORF) and encodes for a 212.8 kDa protein, which we named P. damicornis sAC full length 1 (pdsAC FL1 ). KY853034 has a different start codon compared to KX910691, likely due to an alternatively spliced exon. As a result, the encoded protein (pdsAC FL2 ) is six amino acids shorter than pdsAC FL1 and differs in the first 17 amino acids, resulting in a shorter 212.4 kDa protein. However, the remaining 1868 C-terminal amino acids of pdsAC FL1 and pdsAC FL2 are identical to each other. This region contains all the features essential for sAC rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171769 enzymatic activity and regulation: the two N-terminal catalytic domains (C1 and C2) essential for HCO À 3 -stimulated cAMP production, and the two P-loop motifs, leucine zipper pattern, and four tetratricopeptide (TPR)-like helical domains previously identified in sAC sequences from vertebrate animals ( [13] reviewed in [16, 26] ) and sea urchins [27] (figure 2a). Both pdsAC FL proteins contain a histidine-rich region not previously described in any other sAC protein (figure 2a). Interestingly, both pdsAC FL proteins lack the autoinhibitory nine amino acid region immediately downstream of C2 that is present in sAC from humans, rats and mice [28] , which might explain the high cAMP-producing activity reported in coral tissues [19] .
In addition to pdsAC FL1 and pdsAC FL2, we cloned two other partial pdsAC cDNA sequences, each with a unique 5 0 untranslated region (UTR) (KY853039 and KY853041), as well as a cDNA sequence that lacks 3181 base pairs encoding for amino acids 822-1882 of pdsAC FL (KY853037). The multiple pdsAC 5
0 UTRs suggest the presence of alternative promoters, while the shorter mRNA sequences indicate alternative splicing; both of these features have previously been reported for mammalian sAC [29, 30] . The predicted size of the putative alternatively spliced pdsAC protein is approximately 94 kDa (pdsAC 94 ) (figure 2a). This shorter pdsAC variant contains C1, C2 and the P-loop motifs, but lacks the leucine zipper pattern, the TPR-like domains, and the histidine-rich region (figure 2a). The physiological implications of the pdsAC genetic complexity are currently unknown, but could be related to differential expression in specific cell types and sub-cellular compartments, association with different proteins or DNA, or the response to specific metabolic or environmental conditions. Phylogenetic analysis of sAC's catalytic domains indicated that pdsAC was most similar to the predicted sAC proteins from Stylophora pistillata (another coral from the Pocilloporidae family), followed by A. digitifera, and all three coral sequences grouped together with predicted sAC sequences from Nematostella and Aiptasia anemones (figure 2c). BLAST searches in nucleotide databases revealed sAC homologues in several other coral species including Porites lutea, P. asteroides, Orbicella 
(b) pdsAC is expressed throughout coral tissues
Western blot analyses revealed pdsAC 94 was the predominant sAC protein expressed in coral tissues (figure 2b; see electronic supplementary material, figures S2-S3 for antibody validation). Immunohistochemical analyses confirmed pdsAC was abundantly expressed in cells throughout P. damicornis tissues, including seawater-facing cells in the oral ectodermis, symbiont-containing and symbiont-free cells in the oral and aboral gastrodermis that line the coelenteron, and skeletonassociated desmocytes and calicoblastic cells (figure 3 and electronic supplementary material, figure S3 ).
(c) pdsAC is a pH sensor in coral cells
The widespread expression of pdsAC throughout P. damicornis cells suggests regulatory roles in multiple coral physiological functions, potentially including pHi regulation, photosynthesis and calcification. However, the intrinsic relationship between those three functions [9, 11, 12, 31] prevents studying the roles of pdsAC by looking at the effect of sAC pharmacological inhibitors in coral colonies. Instead, we studied the potential role of pdsAC in pHi regulation in isolated P. damicornis cells exposed to various acid-base conditions.
The small molecule KH7 is a specific inhibitor of sAC from mammals [32] , sharks [33] , sea urchins [34] , and also corals [19] . In a first set of experiments, exposure to KH7 for 15-min in the dark resulted in significant pHi acidification in both symbiont-free (from 7.35 + 0.02 to 7.02 + 0.02) and symbiont-containing (from 7.66 + 0.03 to 7.24 + 0.04) cells (figure 4a and electronic supplementary material, figure S5a). Exposure to KH7 for up to 40 min did not result in any further changes in pHi, and the effect of KH7 on both cell types was completely reversed after washout (figure 4a and electronic supplementary material, figure S5a). These results established that 15 min of exposure to KH7 is sufficient to induce a maximum effect on pHi, and that it is not toxic to coral cells. Furthermore, a potential KH7-induced mitochondrial uncoupling that was reported in some cultured transgenic mammalian cell lines [35] was ruled out in coral cells rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171769
(electronic supplementary material, figure S7 ). Thus, these results indicate pdsAC is essential for coral pHi regulation. Since sAC is an evolutionarily conserved acid-base sensor, we conclude pdsAC senses the acidifying effect of cellular respiration and modulates the activity of pHi regulatory proteins to maintain pHi homeostasis. Thus, when pdsAC is inhibited, H þ builds up in the cytoplasm and acidifies pHi. The specific pHi regulatory proteins under pdsAC control are unknown; however, likely candidates include Na
Evidence for the presence of all of these proteins has been reported in anthozoans [9, 24, 36] , and their activities are regulated by sAC in cells from vertebrate animals [33, [37] [38] [39] [40] .
In subsequent experiments, we examined the role of pdsAC in pHi sensing and regulation in isolated coral cells kept in dark or during light exposure following a 15-min incubation with DMSO (control) or KH7. Again, pHi of symbiont-free cells was lower than in symbiont-containing cells (7.15 + 0.07 versus 7.47 + 0.05, respectively; figure 4b,c and electronic supplementary material, figure S5b,c). As previously described [10] [11] [12] , exposure to light caused pHi alkalinization in symbiont-containing cells to 7.70 + 0.11 (figure 4c and electronic supplementary material, figure S5c); the pHi of symbiont-free cells also alkalinized to 7.36 + 0.06 (figure 4b and electronic supplementary material, figure S5b). Inhibition of pdsAC by KH7 under exposure to light resulted in significant pHi acidification in both cell types (symbiont-free cells to pHi 7.15 + 0.07; symbiont-containing cells to pHi 7.31 + 0.06) (figure 4b,c and electronic supplementary material, figure S5b,c). Thus, pdsAC activity is essential for proper pHi regulation in coral cells both in the dark and when exposed to light. Interestingly, light affected pHi in both symbiont-containing and symbiont-free cells. The discrepancy with a previous study on the same species [10] is probably due to a higher cell density in our experiments, causing photosynthetic activity from symbiont-containing cells to alkalinize the seawater and affect neighbouring symbiont-free cells. We speculate our experimental conditions of higher cell density more likely resemble in vivo conditions, and therefore photosynthetic activity in live corals has the potential to affect the acid-base status of multiple cell types, not only Symbiodinium-hosting gastrodermal cells.
To rule out a potential effect of KH7 on photosynthesis, the highly specific photosynthesis inhibitor DCMU was applied alone and in combination with KH7. As previously reported in P. damicornis cells exposed to light [10] , DCMU treatment did not significantly affect pHi of symbiont-free cells (figure 4b and electronic supplementary material, figure S5b), but it resulted in significant acidification in symbiont-containing cells from 7.70 + 0.11 to 7.44 + 0.04 (figure 4c and electronic supplementary material, figure S5c). When KH7 was applied in combination with DCMU, additional pHi acidification was induced in symbiont-containing cells to 7.12 + 0.10 (figure 4c and electronic supplementary material, figure S5c). Thus, the effect of KH7 on pHi regulation during exposure to light is due to inhibition of pdsAC and not to an off-target effect on photosynthesis.
Overall, these results demonstrate pdsAC is necessary for coral pHi sensing and downstream pHi regulation both under dark and light conditions, a mechanism that prevents coral pHi acidification by constant metabolic CO 2 /H þ production.
Future research will investigate potential downstream physiological roles in specific coral cell subtypes such as coordination of host pHi regulation and symbiont photosynthesis, and ion and acid/base transport for calcification in calcifying cells.
(d) sAC activity regulates pHi in response to extracellular acidification
Finally, we explored the hypothesis that sAC plays a role in sensing acidification of the coelenteron caused by H þ transport by the aboral gastrodermis [4] . pHe acidification was induced by exposing isolated coral cells to seawater that was acidified from pH 8.1 to pH 7.4 with HCl, and pHi was followed over time. Exposure to external acidification for 15 min also acidified the pHi of symbiont-containing cells, from 7.65 + 0.05 to 7.57 + 0.02 (figure 5b and electronic supplementary material, figure S6b). The more modest effect compared to symbiontfree cells is consistent with the higher buffering capacity of symbiont-containing cells [10, 36] , which is probably due to the higher buffering capacity of the CO 2 =HCO À 3 buffer system at higher pH [41] and to H þ transport into the symbiosome [9] . After 70 min of exposure to external acidification, pHi of symbiont-containing cells recovered to 7.70 + 0.07, which was significantly higher than baseline values (figure 5b and electronic supplementary material, figure S6b). This 'overshoot' in pHi is an indication of active H þ secretion and HCO À 3 accumulation in response to acidosis [42] ; a similar response has previously been reported in P. damicornis symbiont-containing cells [10] . In the presence of KH7, external acidification caused pHi acidification to 7.25 + 0.07, and, similar to symbiont-free cells, pHi failed to recover after 70 min and even continued to drop to 7.18 + 0.04. These results indicate that, in addition to sensing and regulating pHi in response to metabolically generated H þ in each cell, pdsAC is essential for sensing and compensating pHi acidification caused by extracellular acidification both in symbiont-containing and symbiont-free cells.
Conclusion
This study lays the foundation for understanding the mechanisms that allow corals to detect and respond to pHi disturbances caused by both metabolic and environmental sources. The dynamic interplay of symbiont photosynthesis, coral calcification and cellular respiration involves the production and consumption of acid -base equivalents at different rates and locations within a coral throughout the diel cycle. Because sAC produces the ubiquitous messenger molecule cAMP in response to acid-base disturbances, it can potentially modulate every aspect of physiology by posttranslational modifications of target proteins. Thus, the role of sAC in coral physiology is likely critical for the many essential processes that depend on CO 2 , pH and HCO À 3 . This type of fundamental mechanistic understanding of coral biology is also essential for predicting how corals will fare in the face of global climate change. Finally, the observation of sACdependent pHi sensing in corals, similar to that found in mammalian cells, confirms sAC is an evolutionarily conserved acid-base sensor.
Data accessibility. This article has no additional data. Authors' contributions. Designed the study: K.L.B. and M.T. Performed
